Abstract: Plants displaying heavy metal hyper-accumulation and high biomass could be used in phytoextraction. The present study utilises photosynthetic acclimation rates and morphological measurements to gauge cadmium toxicity in radish plants raised on nutrient solutions containing 0, 5, 10 and 20 µM CdCl 2 . Growth rates displayed a dose-dependent decline with cadmium exposure. Photosynthetic acclimation was significantly reduced compared to controls in all cadmium treatments. Inductively coupled plasma mass spectrometry was used to determine cadmium accumulation. In both the roots and shoots of the plant, cadmium levels were significantly higher than the controls in 10 and 20 µM treatments. Significantly more cadmium was distributed into the roots compared to shoots. A moderate tolerance for and reasonable accumulation of cadmium makes the radish a candidate for phytoremediation in marginally contaminated environments. Furthermore, the sensitivity of photosynthetic acclimation rates to cadmium exposure serves as a potential bioindicator of cadmium contamination.
Introduction
Heavy metal pollution, generally resultant from human activity, poses as problematic to environmental function and restoration (Das et al., 1997) . Cadmium is of particular interest due to its non-essential and highly toxic nature (Benavides et al., 2005) . The solubility of cadmium allows for high plant uptake and subsequent movement into the food chain (Foy et al., 1978) . Currently, available methods of environmental restoration are often costly, resource-intensive and only temporary in effect. These methods include top soil replacement, leaching with acids or 'inerting' with addition of other chemicals (Kashem et al., 2008) . The inefficiency of these decontamination methods calls for a cheaper, more effective process by which metals and other pollutants may be removed.
The use of phytoextraction, attempting to decontaminate ecosystems with pollutant-accumulating plants, has been proposed as a low cost alternative that avoids dramatic environmental disruption and preserves the ecosystem (Lasat, 2000) . A number of plants have been studied regarding the accumulation of metals and potential use for phytoextraction, including Thlaspi caerulescens (Robinson et al., 1998) and Arabidopsis halleri (McGrath et al., 2006) . While these plants are hyperaccumulators, their relatively low biomasses and slow growth rates are disadvantageous for large-scale phytoextraction (Kashem et al., 2008) . The ideal plant for phytoextraction should possess multiple traits such as accumulation ability, high metal tolerance, and fast, easy growth (Marchiol et al., 2004) . Sekara et al. (2005) discuss the dependence of phytoremediation efficiency on the biomass production and the rate of metal accumulation in harvestable organs. The radish (Raphanus sativus L.) may be a successful phytoextractor due to its rapid growth rate and high biomass (Hamadouche et al., 2012) . Additionally, research has indicated the radish to be moderately tolerant to heavy metals (Marchiol et al., 2004) . Understanding the morphological effects of cadmium on the plant of interest is essential in indicating metal tolerance and ultimately choosing a phytoextraction candidate. A desirable phytoextractor would maintain high viability even at high levels of exposure.
Acclimation to daily and seasonal changes in the environment contributes to plant survival. Photosynthetic acclimation in particular contributes to plant tolerance of stress and helps maintain optimal photosynthetic efficiency and resource utilisation (Anderson et al., 1995) . Plants have numerous photomorphogenic responses making them photosynthetically sensitive to both long and short-term cues including light (Chow et al., 1990) and CO 2 levels (Sage, 1994) . The effects of cadmium on photosynthesis have been broadly studied in plants other than radish. Pigeonpeas (Cajanus cajan L.) exposed to cadmium exhibited significantly reduced rates of photosynthesis and activity of enzymes in the photosynthetic carbon reduction cycle (Sheoran et al., 1990) . Furthermore, cadmium exposure reduces transpiration and photosynthesis rates in corn and sunflower leaves; transpiration rates were even completely inhibited in those plants at the highest levels of cadmium exposure (Bazzaz et al., 1974) . While the detriments of cadmium exposure on photosynthesis are reasonably understood, the study of rates of photosynthetic acclimation has been limited. To address this matter, the present study utilises acclimation rates in addition to morphological measurements as an indicator of cadmium toxicity and plant viability after cadmium exposure.
Materials and methods

Plant culture
Seeds of Raphanus sativus were germinated on filter paper wetted with deionised water in Petri dishes at 25°C for seven days. Thirty-eight seeds post-germination, signified by emergence of the radical from the seed coat, were transferred to individual pots containing quartz sand media. These were incubated in a Conviron controlled chamber with water level maintained at field capacity under simulated native conditions (12 hour night at 15°C and 12 hour day at 20°C) according to Hartmann et al. (1988) . After three days, the 32 most robust plants were chosen to be used in the experiment, eight plants for each concentration of cadmium. The pots were then maintained at field water capacity with Ruakura nutrient solution prepared according to Smith et al. (1983) with cadmium concentrations of 0, 5, 10 and 20 µM CdCl 2 .
Growth and gas exchange
Plant height was measured throughout the growth phase at days 4, 7 and 10 of cadmium exposure. Growth rates for each cadmium concentration level were calculated based on change in plant height between days 4 and 10 of cadmium exposure. Concluding photosynthetic analysis, total leaf area of excised and scanned leaves was calculated using ImageJ software. These morphometric data were collected from eight plants exposed to each concentration of cadmium chloride. After 10 days of exposure to cadmium, photosynthetic activity was analysed on four plants of each concentration using an infrared gas analyser (IRGA; Li-Cor6400). Light response curves across a photosynthetically active radiation (PAR) range of 0-1500 µmol m -2 s -1 were generated with the most robust plant for each concentration of cadmium. These curves were used to select the 200-600 µmol m -2 s -1 PAR range for the photosynthetic acclimation curves of this experiment. To measure photosynthetic acclimation rates, four plants from each concentration were subjected to three levels of light intensity. Light exposure was initiated at an intensity of 600 µmol m -2 s -1 , and the plant was allowed to equilibrate for four minutes. Light intensity was changed to 400 µmol m -2 s -1 and then 200 µmol m -2 s -1 , allowing the plant to equilibrate for two minutes at each intensity. Data indicating photosynthetic rates were collected every two seconds. Absolute acclimation rates were calculated using the change in photosynthetic rate over the average time of acclimation at each PAR level transition.
Cadmium content
Harvested plants were separated into root and shoot samples and dried at 80°C until weight was constant. These were then digested in an Anton Paar Multiwave 3000 Microwave Reaction System and run in a Pelkin Elmer ELAN DRC-e inductively coupled plasma-mass spectrometer (ICP-MS) to calculate cadmium content in parts per billion.
Data analysis
The average time of acclimation was calculated to be 24.05 s for the first transition (600 to 400 µmol m -2 s -1
), and 25.53 s for the second (400 to 200 µmol m -2 s -1 ). These standard times were used as the period over which each rate of photosynthetic acclimation was calculated. The data were then compared using independent, one-way T-tests. All morphometric data were analysed using one-way T-tests, as well.
Results
Plant growth
Growth rates showed a dose-dependent decline with increasing cadmium exposure (Figure 1) . The growth rate of only the highest concentration of cadmium exposure, 20 µM CdCl 2 , was significantly depressed compared to the control (p = 0.029). Total leaf area of cadmium treated plants was not significantly different from that of the controls (data not shown).
Gas exchange
Photosynthetic light response curves were measured over a range of 0-1,500 µmol m -2 s -1 PAR. Photosynthetic rate saturation decreased with increased cadmium exposure (Figure 2 ). These curves were used to choose the 200-600 µmol/m 2 s PAR range at which to conduct photosynthetic acclimation rate experiments. This range exhibited the most dynamic shifts in photosynthetic rates in plants at all concentrations of cadmium exposure.
Cadmium exposure caused differences in acclimation rates at both PAR transitions compared to the controls (Figure 3) . Transitions from 600 to 400 µmol m -2 s -1 PAR in both concentrations of cadmium treatment significantly decreased the rate (by nearly four-fold) compared to the control (10 µM: p = 0.021; 20 µM: p = 0.043). In the transition from 400 to 200 µmol m -2 s -1 , both concentrations of cadmium treatment significantly decreased the acclimation rate (by nearly two-fold) compared to the control (10 µM: p = 0.0069; 20 µM: p = 0.044). No significant difference was found between the 10 and 20 µM treatments. The change in photosynthetic rate in the transition from 600 to 400 was consistently significantly lower than in the transition from 400 to 200 for all concentrations (p < 0.004 for all groups). As expected, treated plants contained significantly higher amounts of cadmium thanthe controls (p < 0.01). Roots contained greater amounts of cadmium than shoots in both treatments (p < 0.01).
Cadmium content of plant tissues
Cadmium content was elevated in the shoots and roots of radish plants grown on cadmium compared to those of the controls (p < 0.01 for all treatments and organs) (Figure 4 ). Roots in both cadmium treatments contained greater amounts of cadmium than the controls by two orders of magnitude. Similarly, shoots of the 10 and 20 µM treatments were respectively five and eight times higher in cadmium levels compared to the controls. In both cadmium treatments, roots contained significantly higher amounts of cadmium than the shoots (p < 0.01).
Discussion
Growth rates were not significantly reduced until the highest concentration of cadmium chloride used in the present experiment, 20 µM CdCl 2 . This finding, in addition to that of the non-significant change in leaf area by cadmium, indicates radishes undergo minimal morphological symptoms upon exposure to cadmium in the short term. While these observations support moderate tolerance to cadmium exposure, the concentrations tested in this experiment are on the lower end of the contamination spectrum (Kashem et al., 2008) . As such, radish use for phytoextraction in marginally polluted environments could prove successful. Marchiol et al. (2004) offer a similar prognosis for radish phytoextraction in multi-contaminated environments. Additionally, the high yield of radish and its ability to be seeded up to five times per year (Kapourchal et al., 2009) contribute to a higher rate of cadmium and heavy metal decontamination compared to plants lacking a comparable yield or seeding frequency. Radish cadmium accumulation was observed primarily in the roots. Due to the taproot structure of radish, harvest of cadmium-accumulated organs could be easy and efficient. Kashem et al. (2008) observed a high level of cadmium translocation into the shoots of radish. This could explain the effects of cadmium on photosynthesis observed in the present experiment. The significant depression in photosynthetic acclimation rates could pose as a much more sensitive bioindicator of cadmium contamination compared to morphological measurements, which would require higher amounts of contamination to see observable effects on the plants. Anjos et al. (2002) similarly suggests the use of radish as a bioindicator due to its sensitivity to the variations in soil elemental composition and very short cultivation cycle.
Heavy metal hyperaccumulators, such as T. caerulescens and T. goesingense are quite efficient at metal accumulation but are limited in practical phytoextraction potential due to their slow growth and low yield (Lasat, 2000) . Incorporation of hyper-accumlation properties into a high-yield plant such as radish would improve the argument for phytoextraction as an environmental restoration technique. Study of mechanisms of metal tolerance and accumulation may prove useful in this regard. Phytochelatins and metallothioneins are known to be metal-binding, cysteine-rich peptides synthesised as primary responses to heavy metal exposure in some plants (Robinson et al., 1993; Sun e t al., 2005) . Addition of citric acid has been found to inhibit cadmium uptake whilst promoting cadmium transport to the shoots of the radish (Chen et al., 2003) . Implementing overexpression of genes in these pathways could potentially improve metal accumulation in a plant species of interest. For example, in tobacco plants (Nicotiana tabacum) mammalian metallothionein genes and metal binding proteins have been expressed to increase metal tolerance (Lasat, 2000) . Further investigations into mechanisms of metal transport, accumulation, and tolerance could result in the engineering of an ideal hyper-accumulating and high-yielding plant for phytoremediation.
Based on its moderate tolerance for and reasonably appreciable accumulation of cadmium, the radish is a plausible candidate for successful phytoremediation in marginally contaminated environments. Research into mechanisms of cadmium tolerance and accumulation could further improve radishes and other plants as phytoextraction candidates. Additionally, the responsivity of its photosynthetic acclimation rate to cadmium levels allows it to be utilised as a sensitive bioindicator for cadmium contamination. The multifaceted range of radish responses to cadmium exposure makes it a widely applicable organism in gauging and restoring polluted environments.
